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RELAZIONE: 
Background 
Parkinson’s disease (PD) is the second most common age-related neurodegenerative disease1 PD is an 
irreversible and progressive neurodegenerative disorder that impairs movement control characterized by 
motor symptoms such as rigidity, resting tremor, bradykinesia and postural abnormalities, as well as 
cognitive disturbances2. Preclinical and epidemiological data suggest that chronic neuroinflammation may 
be a slow and steady reason for neuronal dysfunction during the asymptomatic stage of PD3. 
Palmitoylethanolamide (PEA) belongs to fatty acid ethanolamides and has been characterized for its anti-
inflammatory5 , analgesic 6,7 and neuroprotective properties 8,9. To date, it is widely recognized that the 
long-lasting pharmacological effects of PEA are mainly due to activation of peroxisome proliferator-
activated receptor (PPAR)α10-13. Esposito et al.14 provide some evidence that peripheral administration of 
PEA reduced 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP)-induced glial activation, restored 
tyrosine hydroxylase (TH) and dopamine transporter (DAT) expression in the substantia nigra. Although this 
model is the most widely used, MPTP toxin provokes an extremely fast nigrostriatal damage very far from 
the slow degeneration development observed in humans. On the other hand the 6-hydroxydopamine (6-
OHDA)-induced PD may be considered to better reproduce the human degeneration since 6-OHDA leads to 
a progressive loss of nigral-striatal neurons, mimicking the human pathology and represents a valid 
alternative model of PD in which is possible to study the possible protective effect of new drugs in the early 
phase of the pathology. 

 
Methods 
MTT assay 
To induce differentiation, the cells were treated with 1% FBS medium with retinoic acid (RA, 10µM). After 5 
days, cells were pre-stimulated with vehicle, PEA (0,1-3μM) or synthetic PPAR-α agonist, GW7647 (0,3-
1μM), and after 1h, cells were treated with 6-OHDA (100μM) for 24h at 37 °C. 
In another set of experiment, cells were stimulated with PPAR-α antagonist, GW6471 (0,1-1µM) 30 min 
prior PEA stimulation. All drugs were dissolved in DMSO and the final concentration was 0,1%. Finally, cells 
were incubated with MTT (250 μg/mL; 200 μL/well) for 1h at 37°C and then the formazan salts were 
dissolved in DMSO (100 μL/well). The mitochondrial reduction of MTT to formazan was measured at 490nm 
(iMarkTM microplate reader, BioRad). Cell viability was calculated as % viable cells =(OD treated/OD 
control) × 100. 
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Striatal lesion and pharmacological treatment 
Male CD1 mice (20-25 g) were purchased from Harlan (Udine, Italy). They were housed in cages in a room 
kept at 22 ± 1 ◦C on a 12/12 h light/dark cycle. 
Mice were anaesthetized (100 mg/kg ketamine plus 5 mg/kg xylazine intraperitoneally (i.p.)) and placed in 
a stereotaxic apparatus (David Kopf Instruments) with mouse adaptor and lateral ear bars. The head skin 

was cut longitudinally and with an injector connected with a polyethylene tubing to a 2 l Hamilton 

syringe mice were injected unilaterally in the striatum with 2 l of 6-OHDA (2g/l) solution. Sham mice 
were injected with the same volume of 0,9% sterile saline. The following stereotaxic coordinates were 
used: +0.5 mm anterior to bregma, -2 mm lateral to midline, 3.5 mm ventral from the skull surface, 

according to Franklin and Paxinos15. Once the 2 l has been injected, the syringe is kept in place for 5 min 
before being very slowly retracted from the brain, in no less than 5 min. PEA was administered at the 
doses of 3, 10 and 30 mg/kg once a day subcutaneously (sc.), with treatment starting 3 h after 6-OHDA 
striatal injection. After 3, 7, 14 days, mice were tested for evaluating motor coordination and for 
quantificating motor impairment with the rotarod test and the apomorphine test, respectively. 
 
Rotarod test 
To evaluate motor neurological activity of mice, we used the rotarod test, which measures balance, 
coordination and motor control. The rotarod apparatus (Ugo Basile, Italy) consists of a suspended rod able 
to run at constant or accelerating speed. All mice were exposed to a 5 min training period, at accelerating 
speed, immediately before the test to familiarize with the apparatus. During the test mice had to remain 
on the rod as long as they could. The length of time that the animal remained on the rod was recorded (a 
300 s maximal time was used for the test). 
 
Apomorphine test 
Apomorphine-induced rotation reflects the hypersensitivity of the lesioned striatum and this was assessed 
by testing over a 45 minutes test session after challenge with 0.1 mg/kg of apomorphine subcutaneously 
(s.c.), dissolved in 0,9% sterile saline with 0,2% ascorbic acid. Animals were allowed to habituate for 5 min 
after injection before the recording of rotations began. 
 
Preparation of total cell and tissue protein extracts and Western Blot Analysis 
Striata were homogenized on ice-cold lysis buffer (20 mM Tris–HCl (pH 7.5), 10 mM NaF, 150 mM NaCl, 1% 
Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 1 mM Na3VO4, leupeptin and trypsin inhibitor 10 
μg/mL). After 24h of incubation, cells were washed twice with ice cold PBS, harvested, and resuspended in 
the same lysis buffer. After 1h, cell and tissue lysates were obtained by centrifugation at 20,000 g for 15min 
at 4 °C. Protein concentrations were estimated by the Bio-Rad protein assay using bovine serum albumin as 
standard.Cell lysate proteins (30 μg) and striatum lysate proteins (40 μg) were separated on SDS-
polyacrylamide gel elctrophoresis and transferred to nitrocellulose membrane. The filter was then blocked 
with 1 × PBS and 3% non-fat dried milk for 40 min at room temperature and probed with anti-
cyclooxygenase (COX)-2, or anti-inducible nitric oxide synthase (iNOS) antibody (1:1000; BD Bioscience), or 
anti-Bcl 2 or anti-Bax (1:500; Santa Cruz Biotechnology), or anti-Tyrosine Hydroxylase (TH) antibody 
(1:1000,Millipore) in 1 × PBS, 3% non-fat dried milk, and 0.1% Tween 20 at 4 °C overnight. The secondary 
antibody (IgG-horseradish peroxidase conjugate; 1:1000) was incubated for 1h at room temperature. 
Subsequently, the blot was extensively washed with PBS, developed using enhanced chemiluminescence 
detection reagents (Amersham Pharmacia Biotech, Piscataway) according to the manufacturer's 
instructions, and the immune complex visualized by Image Quant (GE Healtcare) The protein bands were 
scanned and densitometrically analyzed with a model GS-700 imaging densitometer (Bio-Rad Laboratories). 
To ascertain that blots were loaded with equal amounts of protein lysates, they were also incubated in the 
presence of the antibody against the β-actin protein (Sigma-Aldrich). 
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Data analysis  
Data are reported as mean ± S.E.M. values of three independent experiments, which were done at least 
three times, each time with three or more independent observations. Comparisons were made using the 
Bonferroni post-test. A p value less than 0,05 was considered statistically significant. 
 
Results and discussion 
SH-SY5Y human neuroblastoma cells were used, since these cells express TH 16 and DAT 17. This cell line has 
not a large number of dopaminergic receptors, but it can be differentiated towards a dopaminergic 
phenotype by different agents, such as RA. After RA treatment, the cells developed long neurites, 
resembling a neuronal phenotype 18,19. Cells were differentiated with RA (10µM) for 5 days in 1% FBS 
complete medium. RA-differentiated SH-SY5Y cells have extended cytoplasmic extensions called neuritic 
processes and similar in morphology and function with the neuronal axons (Fig. 1a). Cell differentiation was 
evaluated also by western blot analysis (Fig. 1b), because differentiation is associated with a significative 
increase of the anti-apoptotic protein Bcl-2 expression20. Finally, by immunofluorescence, it was observed 
that PPARα expression was not influenced by RA differentiation (Fig. 1c). 
 

 

Fig.1 SH-SY5Y differentiation of with RA (10 µM) induces (a) morphological changes observed under a microscope, (b) 
increased expression of anti-apoptotic protein Bcl-2, and (c) does not change PPARα expression. 

 

In in vitro experiments, PEA concentrations were chosen according to our previous data, whereas was used 
6-OHDA 100µM because reduced cell viability of about 40% (data not shown). Differentiated cells were pre-
stimulated for 1 h with PEA (0.1-1µM) and subsequently incubated with 6-OHDA (100 µM). After 24h MTT 
assay was performed. Compared to vehicle-treated control cells, pre-treatment with PEA reduced 6-OHDA-
associated cell death in a dose-dependent manner (fig.2A).Similar protective effect was reproduced by 
treating cells with GW7647, a PPARα synthetic agonist. Interestingly, the pre-treatment with GW6471, a 
PPARα antagonist, 30 min before PEA treatment, prevented its protective effect on cell death (fig.2B), 
suggesting the involvement of PPARα in PEA-mediated neuroprotection. 
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Fig.2 PEA protects differentiated SH-SY5Y cells from 6-OHDA toxicity. GW7647, a PPARα synthetic agonist, mimicks 
this neuroprotective effect. Pre-incubation with GW6471, a PPARα synthetic agonist, inhibits neuroprotective effect of 
PEA (

***
p<0,001 vs CTR; 

##
p<0,01 and 

###
p<0,001 vs 6-OHDA; °°p<0,01 and °°°p<0,001 vs 6-OHDA+PEA+GW6471). 

Finally, biochemical parameters of 6-OHDA toxicity were analyzed in total differentiated cells lysates to 
validate the neuroprotective activity of PEA. Differentiated SH-SY5Y cells were pre-stimulated for 1h with 
PEA (1µM) and then with 6-OHDA (100 µM) for 24h. 6-OHDA induced the expression of pro-inflammatory 
enzymes, such as iNOS and COX-2; PEA pre-treatment significantly attenuated iNOS and COX-2 expressions 
(fig.3A). 6-OHDA increased the expression of pro-apoptotic proteins, such as Bax, and inhibited Bcl-2 
expression, an anti-apoptotic protein (fig.3B). PEA treatment was able to increase the immunoreactivity for 
Bcl-2, whereas Bax expression was significantly decreased. The significant reduction of these enzymes 
expression by PEA pretreatment was significantly blunted by the PPARα through GW6471 incubation. 
 

 

Fig.3 Representative Western Blot for iNOS, COX-2 and for Bcl-2 and Bax expression in total differentiated SH-SY5Y 

lysates, with β-actin as internal control. The densitometric quantification of three independent experiments is also 

reported. All data are expressed as the mean ± SEM (
**

p<0,01 and 
***

p<0,001 vs CTR; 
 ##

p<0,01 and 
###

p<0,001 vs 6-
OHDA; °°p<0,01 and °°°p<0,001 vs 6-OHDA+PEA+GW6471 10µM). 
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In in vivo experiments, using a stereotaxic surgical procedure, CD1 mice were lesioned in striatum by 6-
OHDA. The rotarod test was used to test mice ability to coordinate their movements on rolling rod. The 
time taken to stay on the rotating rod was significantly decreased after 3 and 7 days after striatal damage in 
6-OHDA group when compared to the sham group (fig.4A and 4B). PEA administration for 3 or 7 days 
significantly restored motor coordination, as well as the synthetic PPARα agonist GW7647. At 14 days, 
motor deficit was recovered in all mice groups, including untreated lesioned mice, as already reported in 
literature21 (fig.4C).The capacity of recovery might be due to several compensatory mechanisms possibly 
relevant to the pre-syntomatic phase of PD that not depend on dopamine metabolism22. 

 

 

Fig.4 6-OHDA-induced changes in motor performance on the rotarod at 3 days (A), 7 days (B) and 14 days (C) (n=6 to 8 
per group) after 4 µg of 6-OHDA were injected in the left striatum (black columns) or the same volume of saline (white 
columns). Values are expressed as time on the rotating rod (mean ± SEM). Run was interrupted after 300s (

***
 p<0,001 

vs Sham; 
#
p<0.05, 

 ## 
p<0,01 and 

###
p<0,001 vs 6-OHDA). 

 

Behavioral quantification of striatal damage was measured by apomorphine-induced rotations evaluate 
after 3, 7 and 14 days after lesion. The results of apomorphine-induced rotations are summarized in fig.5. 
Controlateral rotations induced in 6-OHDA group were significantly increased as compared to the sham 
group at 3, 7 and 14 days. PEA administration ameliorated 6-OHDA-induced deficit as early as whitin three 
days of treatment, and effects were even more marked and significant after 7 and 14 days of treatment. 
GW7647-treated animals showed similar results, indicating the involvement of PPARα activation. 

 

 

Fig.5 PEA ameliorates 6-OHDA-induced rotational behavior induced by apomorphine at 3 days (A), 7 days (B) and 14 
days (C) (n=6 to 8 per group) after 4 µg of 6-OHDA were injected in the right striatum (black columns) or the same 
volume of saline (white columns). Values are expressed as number of rotations per minute (mean ± SEM). (

**
p<0,01 

and 
***

p<0,001 vs Sham; 
 ##

p<0,01 and 
###

p<0,001 vs 6-OHDA). 

 

Finally, as an important rate-limiting enzyme in the production of dopamine, TH was found to be down-
regulated by many studies both in vitro and in vivo. Our results demonstrated that 6-OHDA injection 
induced a significative decrease of TH protein level in striatum. However, PEA treatment was able to 

B 
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restore its expression. Pre-treatment with synthetic PPARα antagonist GW6471 reverted this effect, 
confirming the involvement of this receptor also in vivo model of PD. 

 

Fig.6 Representative Western Blot for TH expression in total striatum lysates, with β-actin as internal control. The 
densitometric quantification of three independent experiments is also reported. All data are expressed as the mean ± 
SEM (

**
p<0,01 vs Sham; 

##
p<0,01 vs 6-OHDA). 

Conclusions  
Our data demonstrated for the first time that PEA is able to protects RA-differentiated SH-SY5Y cells from 6-
OHDA toxicity through PPARα activation, reducing the expression of pro-inflammatory and pro-apoptotic 
proteins. In vivo results showed that after repeated sc. administrations PEA and GW7647 were able to 
reduce motor dysfunction induced by a single unilaterally injection of 6-OHDA in the striatum: PEA 
treatment ameliorated motor coordination and striatal damage in lesioned animals and restored TH protein 
levels in mice striatum. To date, the neuroprotective mechanisms underlying PEA effects through PPARα 
activation must be better defined, but these data strongly suggest that PEA, through PPARα activation, may 
be beneficial for the treatment of neurodegenerative diseases like PD. 
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